Introduction
Oxides of nitrogen, oxides of sulfur, and ozone occur in the air above the major cities of the world. Nitrogen dioxide (NO2) is among the most toxic of the nitrogen oxides, but its genetic effects have not been investigated as much as those of ozone. NO2 has been demonstrated to induce proliferative changes of the terminal bronchiolar and alveolar epithelium. SOS functions, such as enhanced capacity for DNA repair and mutagenesis, inhibition of cell division, and prophage induction (1), were induced by NO2 but not by NO (2) in Salmonella typhimurium (2) and Escherichia coli (3) .
NO2 or its dimer (N204) also reacts with amines to yield diazo and N-nitrosamine products even under aqueous neutral and alkaline conditions (4) (5) (6) (7) (8) (9) . According to Challis (5) , nitrosation by gaseous N203 and N204 in aqueous solution is a recent finding, probably because both had been expected to undergo rapid hydrolysis at pH > 5 to innocuous nitrite. Hydrolysis does occur, but less rapidly than the nitrosation of many amines. N203 and N204 react about 2000 times more rapidly with most amines than with H20.
This article briefly reviews our previous investigations on the induction of the SOS functions and mutation by NO2 (2, 3) and nitrosamine formation by NO2 (7) (8) (9) 
Materials and Methods

Induction of SOS Functions and Mutation
The plasmid pSK1002 (10) , which has a umuC-lacZ fusion gene, was introduced into Escherichia coli KY700 [A(pro-lac) thi ara met srlC300::TnlO] (11) . The gene produces hybrid RecA-LacZ protein when the SOS functions are induced. Beta-galactosidase activity was assayed by Miller's method (12) . Escherichia coli WP2 (trpE65) was used for mutagenesis. Exponentially growing bacteria were used after washing.
Nitrosamine Formation
Air containing NO2 was prepared with a Standard Gas Dilution System (Model 302, Seitetsu Kagaku Works, Ltd.). A rabbit was tied and treated without anesthesia. A venous blood sample (about 4 mL) was mixed with 1 N KOH (1 mL) and an internal standard 
Results
The expression of umu operon was examined with the Escherichia coli strain K-12 carrying the umuClacZ fusion plasmid by measuring the levels of ,-galactosidase. As shown in Figure 1 , 90 ,L/L NO2 induced the expression of umuC operon after bubbling of the gas at 100 mL/min for 30 min. The mutagenicity of NO2 was also investigated. , which is speculated to inhibit NDMA metabolism (14) , increased the concentration of NDMA in the blood, as shown in Figure 3 . Concurrent sulfur trioxide (SO3) inhalation accelerated the formation of NDMA in the blood (Fig. 4) , where SO3 was added by passing the gas over a solution (0.3 mL) of 60% fuming sulfuric acid. 
Discussion
NO2 induced the SOS functions in Salmonella typhimurium (2) and Escherichia coli K-12 ( Fig. 1) and also mutagenesis in Escherichia coli WP2 (Fig. 2) , although the levels of mutagenesis were low. The weak mutagenesis may have been due to the low level of induction of the SOS functions. Alternatively, NO2 may be one of the so-called weak mutagens which induce SOS repair activity by arresting DNA replication but do not otherwise induce premutagenic lesions (1). Isomura et al. (15) found that NO2 induced mutagenicity in Salmonella typhimurium TA100 and TA1535, and that mutations and chromosome aberrations were induced in lung cells following in vivo exposure of rats to NO2. Tsuda FIGURE 4. Accelerating effect of SO3 on NDMA formation in a rabbit (2.2. kg) administered aminopyrine IV and 50 4iL/L NO2 by inhalation. S03 was added by passing the gas (2 L/min) over a solution (0.3 mL) of 60% fuming sulfuric acid. Aminopyrine was administered as described in Fig. 3 .
administration of NO2 by inhalation caused the formation of NDMA in blood. Accompanying S03 inhalation accelerated the nitrosation (Fig. 4) , suggesting the augment of risk by inhalation of gas, including both NO2 and SO3. Acceleration of nitrosamine formation by S03 supports the hypothesis that nitrosamine formation occurs in the lung rather than in circulating blood because of the action of dissolved nitrite. This hypothesis is based on consideration of the capacity of blood to maintain its pH. In addition, nitrite formed from NO2 dissolved in the blood is transformed to nitrate by oxyhemoglobin (17, 18) . The use of 15N-labeled NDMA as an internal standard for NDMA analysis is advantageous, although the Thermal Energy Analyzer for nitrosamine detection also offers excellent specificity. The extract from biomaterial was clean without distillation when a dialysis tube was used. Garland et al. (19) measured NDMA in human plasma by high resolution mass spectrometry with mild chemical ionization using 15N2-NDMA as an internal standard.
Mammalian nitrate biosynthesis from ammonia has recently been reported (20) . It is enhanced by endotoxin treatment, which stimulates a reticuloendothelial system to generate activated oxygens. Oxidation of ammonia to nitrite but not to nitrate by the xanthine oxidase reaction has been reported by Nagano and Fridovich (21 Cystamine, which has been suggested to inhibit NDMA metabolism (14) , increased the concentration of NDMA when concurrently administered (Fig. 3) . As ether anesthesia also is reported to inhibit NDMA metabolism in rats (13) , experiments have been done with the animal tied down and treated without anesthesia (9) . If cytochrome P-450 metabolizes NDMA, aminopyrine might inhibit the metabolism of NDMA, as aminopyrine is metabolized by cytochrome P450, yielding formaldehyde. One observation concerning NDMA metabolism that has puzzled many investigators is that NDMA demethylase activity is not induced by classical inducers and is not significantly inhibited by classical monooxygenase inhibitors, such as SKF-525A and metyrapone, but is inhibited by compounds such as 3-amino-1,2,4-triazole and 2-phenylethylamine. Cytochrome P-450 LM3a isolated from liver microsomes of ethanol-treated rabbits (23) should help resolve these conflicting observations.
